To elucidate the temporal changes in regional cerebral blood flow (rCBF) after experimental traumatic brain injury, serial rCBF measurements were made dur ing a 24-h period following fluid-percussion (F-P) trau matic brain injury in the rat. Brain injury of 2.2 atm was induced over the left parietal cortex and serial measure ments of rCBF were performed using the radiolabeled microsphere method.
surrounding the trauma site (p < 0.05); rCBF in the re maining brain regions had recovered to the preinjury lev els. By 4 h postinjury, rCBF had returned to normal in all brain regions studied. This recovery of rCBF was still evident at 24 h postinjury. The present study demon strates that, following the experimental traumatic brain injury in the rat, (a) an initial global suppression of rCBF occurs up to 1 h postinjury; (b) at the trauma site, a more persistent focal reduction of rCBF occurs; and (c) these alterations in rCBF after trauma dissolve by 4 h postin jury. The result was discussed in the context of the neu rological, electroencephalographic, magnetic resonance spectroscopic, and pathological findings observed in our lateral F-P brain injury rat model. Key Words: Brain in jury-Cerebral blood flow-Fluid percussion-Radio labeled microsphere-Rat. McIntosh, 1989) . Fluid-percussion (F-P) brain in jury may produce some aspects of human closed head injury (Sullivan et a!. , 1976) . Recently, models of F-P brain injury have been characterized using the rat as an experimental subject (Dixon et a!., 1987; McIntosh et a!., 1989) . We have characterized a lateral (parasagittal) F-P brain injury rat model, since it induces greater cortical damage with a less direct brainstem compression and it is more clini cally relevant than the conventional vertex model (McIntosh et aI., 1989) . The lateral F-P brain injury rat model reproducibly produces an acute and tran sient rise in mean arterial blood pressure (MABP), a marked suppression of bilateral hemispheric elec troencephalogram (EEG), and a chronic neurologi cal deficit. In a recent study, we investigated the effect of a lateral F-P brain injury on rCBF in the rat up to 2 h postinjury, and showed that an acute re duction of rCBF occurs in all brain regions, and that rCBF remains significantly depressed up to 2 h postinjury in the brain area circumscribing the in jury site (Yamakami and McIntosh, 1989 ). An un-derstanding of the temporal changes in rCBF at later time points following brain injury may be clin ically relevant since the practical treatment of head trauma patient is often initiated several hours after the traumatic event. In the present study, using the radio labeled microsphere (RMS) technique, we per formed serial measurements of rCBF in the rat over a 24-h period following a lateral F-P brain injury.
METHODS

Experimental protocol and induction of traumatic brain injury
Male Sprague-Dawley rats (450-500 g) were initially anesthetized with 4% isoflurane, intubated, and artifi cially ventilated with a mixture of isoflurane (1.5%), air, and oxygen using a Forane vaporizer, Ohio Heidbrink Compact anesthesia machine (Ohio Medical Products, Madison, WI, U.S.A.), and a mechanical rodent ventila tor (Harvard Inc., South Natick, MA, U.S.A.). The right femoral artery was cannulated to withdraw the reference blood sample for the determination of blood flow, and the left was to monitor MABP and heart rate (HR) continu ously. Gallamine triethiodide (3 mg kg -I h -I) was in fused intravenously into the femoral vein. To inject the RMS, BOLAB vinyl tubing (size v/3) (BOLAB, Lake Havasu City, AZ, U.S.A.) was cannulated into the left ventricle via the right subclavian artery, immediately proximal to the trifurcation of the vessel at the level of the brachial plexus. During the ventricular cannulation, pres sure pulses of ventricular catheter were continuously monitored to insure the proper placement of the ventric ular catheter.
In all animals, a craniotomy was made over the left parietal cortex, centered midway between the bregma and lambda. The dura mater was left intact, and a hollow female Luer-Loc fitting (2.0 mm internal diameter) (Bec ton Dickinson, Franklin Lakes, NJ, U.S.A.) was secured with dental cement into the craniotomy. The Luer-Loc was connected to the F-P device, and animals were in jured as previously described (McIntosh et aI., 1989) . The level of injury (2. 1-2.4 atm) was recorded extracranially by a pressure transducer connected to a storage oscillo scope and photographed with a Polaroid camera. Since we and others have substantiated that three consecutive RMS injections in rats produce no significant changes in hemodynamic variables or rCBF (Yamakami and McIn tosh, 1989) , the present study likewise used three re peated measurements in 12 rats: In group A (n = 6), the first RMS injection was performed prior to F-P brain in jury (baseline) and the second and third RMS injections were performed at 15 min and 1 h after F-P brain injury. In group B (n = 6), rCBF values were determined prior to injury, and at 30 min and 2 h following injury. In group C (n = 6), the left ventricular catheter was induced after F-P brain injury and rCBF measurement was made at 4 h following injury. In group D (n = 6), following F-P brain injury, anesthesia was discontinued and the animal was extubated and returned to his cage. At 22 h following F-P brain injury, the animal was scored for posttraumatic neu rological deficits using a battery of tests developed in our laboratory (McIntosh et aI., 1989) . A composite neuro score was obtained for each animal by combining the score of five specific tests (contralateral forelimb flexion, J Cereb Blood Flow Metab, Vol. 11, No.4, 1991 lateral pUlsion, angle board, beam traverse, and activity monitor) so that scores were interpreted as follows: 20 = normal, 15-19 = slightly impaired, 10-14 = moderately impaired, 5-9 = severely impaired, and 0-5 = maximally impaired. The animal was then reanesthetized with iso flurane, reintubated, and instrumented as described above. In group D, RMSs were injected at 24 h following F-P brain injury.
MABP and HR were monitored continously in all ani mals to determine any hemodynamic changes during the RMS injection. Paco2 and Pao2 were maintained within the range of 32-38 and 110-150 mm Hg, respectively. The rectal temperature was maintained at 36.5-37.5°C using a heating pad.
Animals were killed 30 min following the final RMS injection using the overdose of sodium pentobarbital (200 mglkg i.v.) and brains were rapidly removed and placed on ice. The following brain samples were dissected for rCBF analyses: injured (left) and uninjured (right) parietal cortex, left and right frontal cortex, left and right dien cephalon, pons-medulla, and cerebellum.
Method of rCBF measurements using radiolabeled microspheres
We used RMS (15 ± 3 !-lm), randomly labeled with either 153Gd, 1141n, or 85Sr (Cardiovascular Research In stitute, University of California, San Francisco, CA, U.S.A.). A specially designed 0.3 ml injection vial (VWR Scientific, San Francisco, CA, U.S.A.), containing RMS and isotonic saline, was agitated continously to maintain mixing of RMS, and for each rCBF measurement, RMSs (1.0 ml) were injected into the ventricular catheter over 20 s. The injection vial was counted, prior to and following the injection, to calculate the actual number of RMSs injected. Since preliminary studies have shown that three repeated injections of 300,000 RMSs per injection (900,000 RMSs in total) caused hemodynamic changes in uninjured rats (I. Yamakami, unpublished data), approx imately 100,000 RMSs were injected at each RMS injec tion. The injection of this number of RMSs insured that brain tissue entraps approximately 100 RMSs per 100 mg. The reference sample method using RMSs permits the simultaneous determination of tissue blood flow and car diac output (Rudolph and Heymann, 1967; Malik et aI., 1976) . Commencing 30 s prior to the RMS injection, a reference blood sample was withdrawn continuously, for 2 min from the right femoral artery at the rate of 0.47 mllmin, using a MASTERFLEX systolic pump (Cole Parmer Instrument Co., Chicago, IL, U.S.A.). At this withdrawal rate, each reference blood sample entrapped >400 RMSs (I. Yamakami, unpublished data). The radio activity of each tissue sample and of each reference blood sample was counted on a Norland Multi-Channel Pulse Height Analyser using a TM Analytic 300 Sample Changer with Nal Detector and the radioactivity for each nuclide was determined using a least-squares radionu clide separation technique (Baer et aI., 1984) . CBF was calculated according to the following equation (Heymann et aI., 1977) : (1) where Cb = counts in brain sample, Cr = counts in ref erence blood sample, RBF = withdrawal rate of refer ence blood sample (ml min -1 ) , and Wt = weight of brain sample (g).
Data analysis
All data were expressed as mean ± SD. Continuous variables subjected to repeated measurements in the same group were examined using repeated-measures analysis of variance (ANOV A) followed by paired t test corrected by the Bonferroni inequality (Glantz, 1987) . Blood flow data compared across groups were examined using ANOV A followed by Student-Newman-Keuls test. A "p" value <0.05 was considered statistically signifi cant.
RESULTS
Effects of F-P brain injury on physiological variables and neurological scores
A transient but significant rise in MABP (from 98 ± 10 mm Hg baseline to 146 ± 25 mm Hg, p < 0.05) was observed immediately after left parietal F-P brain irtiury. MABP returned to the baseline value within 5 min (100 ± 12 mm Hg) and remained at the baseline thereafter (Table 1) . A transient increase in HR (from 310 beats/min baseline to 400 beats/min) was also observed immediately after F-P brain in jury. On the following day of brain injury, all ani mals showed a moderate/severe posttraumatic neu rological deficit with composite neurological scores ranging from 8-12, including the right-sided hemi paresis.
Regional and total brain CBF fo llowing F-P brain injury Table 1 summarizes cardiovascular variables on each RMS injection. There were no significant changes in any of the cardiovascular variables mon itored in this study (MABP, HR, cardiac output, Paco2, Pao2, and pH) during each RMS injection. However, the MABP at 2 h postinjury (82 ± 10 mm Hg) was significantly lower than the baseline value (99 ± 10 mm Hg; p < 0.05), and is typical of the postinjury hypotension that develops in this model of experimental brain injury.
Table 2 summarizes regional and total brain CBF prior to and following F -P brain injury. The pre in jury total brain CBF for all animals was virtually identical (e.g., 127 ± 27 ml 100 g-I min-' in group A and 125 ± 29 ml 100 g-I min -I in group B). The total brain CBF decreased significantly at 15 min following brain injury to 58 ± 17 mll00 g-I min-I (p < 0.05), and remained significantly suppressed at 30 min (73 ± 15 ml 100 g-I min-I ; p < 0.05) and I h postinjury (65 ± 17 ml 100 g-I min-I ; p < 0.05).
None of the total brain CBF values at 2, 4, and 24 h following F-P brain injury showed significant differ ences from preinjury baseline values. At 15 min postinjury, all brain regions studied had signifi cantly lower rCBF values when compared to the preinjury rCBF (p < 0.05). At 30 min and I h postin jury, all brain regions except pons-medulla and cer ebellum still showed significantly lower rCBF than the baseline (p < 0.05) with the injury site showing the greatest reduction in rCBF (-62%) from the baseline at both time points. At 2 h postinjury, rCBF in the injured (left) parietal cortex remained significantly depressed (-50%; p < 0.05) when compared to the baseline, while the rCBF in other brain regions had returned to near-normal values.
By 4 h postinjury, the rCBF in the injured cortex had returned to the near-baseline value. There was some evidence of hyperemia in the right (contralat eral) hemisphere; however, it was not significant. At 24 h postinjury, rCBF values from all brain re gions studied did not show any significant differ ence from the baseline.
DISCUSSION
In the present study, we investigated the effect of traumatic brain irtiury on rCBF up to 24 h postinjury and demonstrated that (a) an initial global suppres sion of rCBF occurs, (b) a recovery of rCBF to near normal occurs in most brain regions by 2 h postin jury, (c) a more persistent focal reduction in rCBF occurs at the trauma site, and (d) the altered rCBF following traumatic brain injury returns to normal by 4 h postinjury and the recovered rCBF remains normal at 24 h postinjury.
Our lateral F -P brain injury in the rat induces a marked suppression of bilateral hemispheric EEG activity (Yamakami and McIntosh, 1989 ) and a de cline of the phosphocreatine/inorganic phosphate ratio (Vink et aI., 1987 (Vink et aI., , 1988 . These findings in EEG and magnetic resonance spectroscopic studies suggested that a global suppression of cerebral me tabolism occurs after trauma. Is the global suppres sion of cerebral metabolism caused by the initial global suppression of rCBF observed in the present study? The initial global suppression of rCBF may not be severe enough to perturb the cerebral me tabolism: the absolute CBF values observed in the initial global suppression of rCBF lie above the ischemic threshold, inducing even a suppression of EEG activity (Branston et aI., 1974; Heiss et aI., 1976) . In our F-P brain injury model, a transient rise in the pressure of the F-P device (2.2 atm of 20 ms duration) is transmitted to the intracranial space; the intracranial pressure (lCP) may transiently rise approximately 10 times higher than the systemic blood pressure. Although we did not monitor the ICP in the present study, such an increase in the ICP induces a cerebral circulatory arrest that imme diately causes a global perturbation of cerebral me tabolism. It is methodologically difficult to observe the cerebral circulatory arrest and a global pertur bation of cerebral metabolism that occur immedi ately after trauma. However, we have often ob served a near-flat EEG activity within 1 min after the F-P brain injury (1. Yamakami, unpublished data). Our previous EEG studies also have shown that the suppression of EEG activity is the greatest at 5 min postinjury, which is the earliest EEG mon itoring time point in our studies and the EEG activ ity shows a steady recovery thereafter (McIntosh et aI., 1989; Yamakami and McIntosh, 1989) . These findings in EEG studies suggest that a cerebral cir culatory arrest and global pertubation of cerebral metabolism occurs immediately after trauma. Therefore, it is likely that the initial global suppres sion of rCBF observed in the present study is not a cause of global suppression of cerebral metabolism but is rather a product of the preceding global per turbation of cerebral metabolism induced by the ce rebral circulatory arrest that results from the tran sient increase in the ICP. The initial global suppression of rCBF is followed by a more persistent focal reduction in rCBF at the trauma site. The pathological examination at 4 weeks postinjury demonstrated that our lateral F-P brain injury rat model induces a reproducible cystic necrosis in the injured parietotemporal cortex (Ya makami and McIntosh, 1989) . Neurological exami nations also found that our experimental traumatic brain injury invariably induces a chronic posttrau matic neurological deficit including the right-sided hemiparesis that may be compatible with the cystic necrosis of the (injured) left parietotemporal cortex. Therefore, it is likely that the more persistent focal reduction in rCBF at the trauma site causes an ir reversible ischemic brain damage (cystic necrosis) of traumatized brain and the corresponding neuro logical deficits. However, the absolute CBF values observed in the focal reduction of rCBF (>50 ml 100 g -I min -I ) again lie well above the ischemic threshold, inducing an irreversible brain damage. The persistent focal oligemia per se is unlikely to cause a cystic necrosis of brain. Recently, Ander son et aI. (1988) observed that hypoventilation su perimposed upon traumatic brain injury causes the more severe alterations of cerebral metabolism than brain injury alone does, and they suggested that the combination of hypoxia and traumatic brain injury causes a relative ischemia. Superimposed by hyp oxia, the persistent focal oligemia observed in the present study may cause a relative ischemia and irreversible neural damage. However, the rat was mechanically ventilated in the present study and the data of cardiovascular variables denied an occur rence of hypoxic event throughout the study period. Attention has been recently focused on the excito-toxic hypothesis of brain injury and excitotoxins may be related to the development of secondary neural damage after trauma (Simon et aI., 1984; Faden et aI., 1988) . Disturbing the cellular metabo lism by the cerebral circulatory arrest that occurs immediately after F-P brain injury, neurons may re lease excitotoxins. In combination with excitotox ins, the persistent focal oligemia at the trauma site may induce a cystic necrosis in the traumatized brain. Traumatic brain injury may have more mech anisms to induce secondary neural damage than ischemia per se. Traumatic brain injury is fre quently associated with hemorrhages wherever the site may be, while ischemia is not. Our F-P brain injury rat model is invariably associated with trau matic subarachnoid hemorrhage (Yamakami and McIntosh, 1989) . Components of blood may release a variety of toxins that cause secondary neural dam age. Investigating the ischemic brain damage in an acute subdural hematoma rat model, Miller et al. (1990) suggested that the release of toxic substances from subdural hematoma may initiate the localized ischemia underlying the hematoma. In combination with excitotoxins and some other unknown toxic substances, the persistent focal oligemia observed in the present study may cause irreversible neural damage and cystic brain necrosis at the trauma site and the corresponding chronic neurological deficits.
The present study showed that the persistent fo cal oligemia that may cause irreversible neural dam age at the trauma site dissolves by 4 h postinjury and the normalized rCBF remains in the preinjury level thereafter. Therefore, a therapeutic interven tion to prevent secondary irreversible neural dam age may have to be initiated before the persistent focal oligemia dissolves. The result of the present study may underscore that it is crucial to initiate therapeutic interventions in a head trauma patient within a few hours of the traumatic event. A ther apeutic intervention preventing secondary neural damage may include attenuation of the persistent focal oligemia, prevention of excitotoxic mecha nisms, and dissolution of other toxic substances.
U sing a concussive impact acceleration rat model, Nilsson and Nordstrom (1977) observed a global decrease in CBF after trauma. In a recent study, using a midline F-P brain injury rat model and an identical experimental paradigm to ours (ra diolabeled microspheres), Yuan et al. (1988) also reported that traumatic brain injury induces a global fall in CBF up to 1 h postinjury. Using the rat as an experimental subject, all of these three rCBF stud ies, including the present study, found that an acute global suppression of CBF occurs following the trauma.
Species-specific differences may exist in cerebro vascular responses to the experimental traumatic brain injury. Using the cat as an experimental sub ject, most rCBF studies following a F-P brain injury did not observe such rCBF alterations after trauma, as observed in the F-P brain injury rat model. Lewelt et al. (1980) observed that only a minimal reduction in blood flow to the caudate nucleus (measured using hydrogen clearance) occurred at 1 h following midline F-P brain injury. Using the radioactive microsphere technique, DeWitt et al. (1986) and U nterberg et al. (1988) reported that any reduction in rCBF did not occur acutely following F-P brain injury in the cat. Our lateral F-P brain injury (2.2 atm) in the rat uniformly causes a chronic moderate/severe neurological deficit that persists more than 2 weeks and is associated with a cystic necrosis in the left parietotemporal cortex (Yamakami and McIntosh, 1989) . Using the F-P brain injury cat model, no investigation has men tioned the findings in chronic neurological and pathological examinations. Differences in the sever ity of trauma may partly account for discrepancies in cerebrovascular responses to trauma in these two species. Unterberg et al. (1988) reported that higher levels of injury (>3.4 atm) in the cat were associ ated with a global CBF reduction.
In the present study, serial measurements of rCBF were performed in the rat anesthetized with isoflurane. Isoflurane has minimal effects on cere bral circulation under 1.0 minimum alveolar concen tration level, while other volatile anesthetic agents such as halothane are potent vasodilators (Eger, 1980; Todd and Drummond, 1984) . Therefore, the rCBF data obtained in the present study are un likely to be disturbed by the effect of anesthesia. Barbiturates often employed as an anesthetic agent in experimental traumatic brain injury reduce CBF and cerebral metabolism in a dose-dependent fash ion (Pierce et aI., 1962; Michenfelder, 1974) . Differ ences in anesthetic agents employed may explain some of the discrepancies in cerebrovascular re sponses to trauma observed in a variety of experi mental studies.
The present study demonstrated that heteroge nous rCBF alterations occur following F-P brain in jury in the rat, i.e., the trauma site shows a more persistent focal reduction in rCBF up to 4 h, while rCBF in the remaining brain regions has recovered to the preinjury level by 2 h postinjury. Yuan et al. (1988) also observed heterogenous rCBF alterations after trauma. The heterogenous rCBF alterations may occur in the head trauma patient and it may be necessary to investigate not only global but also regional changes in CBF after trauma. Clinical in-vestigations of CBF in head trauma patients have mostly employed the 133 Xe intravenous injection method, which does not discriminate regional CBF changes (Muizelaar et aI., 1984; Obrist et aI., 1984; Messeter et aI., 1986; Uzzell et aI., 1986; Nord strom et aI., 1988) . Analyzing the mean hemispheric CBF, Obrist et al. (1984) found a coupling, not re gional but global, of CBF and cerebral metabolism in patients with reduced CBF. An impaired reactiv ity to hypercapnea or mannitol was found in the severe head trauma patient; however, the impair ment was again assessed not regionally but glob ally (Muizelaar et aI., 1984; Messeter et aI., 1986; Nordstrom et aI., 1988) . Future studies may estab lish a method for rCBF measurements that is accu rate enough to discriminate regional CBF alter ations in the head trauma patient.
